Glucocorticoids, the most downstream effectors of the hypothalamus-pituitary-adrenal axis, are one of main mediators of the stress reaction. Indeed, exposure to high levels of stresstriggered glucocorticoids is detrimental to brain development associated with abnormal behaviors in experimental animals and the risk of psychiatric disorders in humans. Despite the wealth of this knowledge, the cellular and molecular mechanisms underlying the detrimental effects of glucocorticoids on brain development remain unclear. Here, we show that excess glucocorticoids retard the radial migration of post-mitotic neurons during the development of the cerebral cortex, and identify an actin regulatory protein, caldesmon, as the glucocorticoids' main target. The upregulation of caldesmon expression is mediated by glucocorticoid receptor-dependent transcription of the CALD1 gene encoding caldesmon. This upregulated caldesmon negatively controls the function of myosin II, leading to changes in cell shape and migration. The depletion of caldesmon in vivo impairs radial migration. The overexpression of caldesmon also causes delayed radial migration during cortical development, mimicking the excessive glucocorticoid-induced retardation of radial migration. We conclude that an appropriate range of caldesmon expression is critical for radial migration, and that its overexpression induced by excess glucocorticoid retards radial migration during cortical development. Thus, this study provides a novel insight into the underlying mechanism of glucocorticoid-related neurodevelopmental disorders.
Introduction
Dysregulation of the hypothalamus-pituitary-adrenal axis is implicated in certain psychiatric disorders, including anxiety, depression and schizophrenia. [1] [2] [3] [4] The most downstream effectors of the hypothalamuspituitary-adrenal axis, glucocorticoids (GCs), are one of the main mediators of the stress reaction. It is well documented that stress-triggered GCs modulate changes in synapse formation, dendritic arborization and hippocampal volume in adult life. 5 Exposure of excessive stress/GCs also affects the structure and function of other adult brain regions, including the prefrontal cortex and amygdala. 6, 7 Furthermore, elevation of GCs in response to stress is detrimental to the development and function of the brain. 3, 8, 9 For instance, maternal stress can affect the structure of the developing brain, leading to altered behaviors in adult offspring. 10 Prenatal stress is also associated with increased anxiety in adolescence and a greater incidence of psychiatric disorders in adulthood. 1, 11, 12 Besides perinatal stress, GC treatment with neonatal rats transiently retards brain development. 13 The single or repeated administration of a synthetic GC, betamethasone, to pregnant sheep also retards fetal brain growth. 14 In humans, antenatal exposure to betamethasone results in infants having a reduced cortex convolution index and surface area. 15 Thus, excessive stress/GC exposure affects brain development, and subsequently causes abnormal behavior in experimental animals and an increased risk of psychiatric disorders in humans. Despite these numerous studies, the underlying mechanism of the detrimental effects of GCs on brain development and function remains unclear.
Post-mitotic neurons in the cerebral cortex generated from neuronal precursor cells (NPCs) within the ventricular zone (VZ) radially migrate along radial glial fibers to their final destination in the cortical plate (CP), resulting in the formation of the cortical mantle. 16, 17 Several human disorders that arise from defective neuronal migration have been identified. These disorders include periventricular nodular heterotopia and lissencephaly, which are caused by mutations in genes involved in neuronal migration. 18 More commonly than gene mutations, however, environmental factors such as stress-triggered GCs as described above and thyroid hormones are implicated in inducing abnormalities of brain development. It has been demonstrated regarding thyroid hormones that early maternal hypothyroxinemia in rats impairs radial migration and cortical cytoarchitecture. 19, 20 Here, we investigated the effects of excess GCs on brain development and found cellular and molecular bases for the detrimental actions of GCs on neuronal migration during cortical development.
Materials and methods

Animals
All of the procedures involving animals and their care were approved by the Animal Care Committee of Osaka University, and were carried out according to the guidelines for animal experiments of the Osaka University School of Medicine. Wistar rats were used (Japan SLC, Shizuoka, Japan).
Protocol for DEX administration to pregnant rats Pregnant rats were housed singly and assigned randomly to the dexamethasone (DEX) or control (vehicle) groups. DEX (200 mg kg À1 day
À1
, dissolved in sesame oil containing 0.16% ethanol) was injected subcutaneously into pregnant rats once a day from E14.5 to E20.5. 21, 22 A control group received injections of vehicle (sesame oil containing 0.16% ethanol) during the same time period.
Expression plasmids and transfection
We used highly efficient mammalian expression plasmids, pCAGGS. The coding regions for rat l-CaD, human l-CaD, the N terminus (1-263 amino acids) and C terminus (264-558 amino acids) of human l-CaD, human ezrin and human GR were amplified by PCR and subcloned into a highly efficient mammalian expression plasmids, pCAGGS. A HA tag sequence was fused to the 5 0 end of the coding sequence of the rat lCaD gene by PCR. For the GFP-tagged CaD constructs, the coding region of the EGFP gene was amplified from the pEGFP-C2 vector (Clontech, Mountain View, CA, USA) and ligated into the 5 0 end of the CaD sequence. A constitutively active form of human GR (GRDC) was constructed as described previously. 23 The CaD microRNAs (miRNA) plasmids (CaD miRNA no. 1 and CaD miRNA no. 2) were constructed using the Block-iT Pol II miR RNAi Expression Vector kit (Invitrogen, Carlsbad, CA, USA). The single-stranded DNA oligos containing target sequences were designed as follows: CaD miRNA no. 1, 5-tgctgtccgcttgc cagatacatctcgttttggccactgactgacgagatgtatggcaagcgga-3 0 ; CaD miRNA no. 2, 5 0 -tgctgtgcattggtatattgctccaggttttggc cactgactgacctggagcaataccaatgca-3 0 . For higher expression efficiency in NPCs, the coding regions of EmGFP and miRNAs were amplified from target sequence-inserted pcDNA6.2-GW/EmGFP-miR plasmids by PCR and subcloned into pCAGGS. The expression plasmids were transfected into NPCs or HEK 293T cells using TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI, USA) 2 or 3 days before analysis.
RNA interference
The NPCs were transfected with short-interfering RNAs (siRNAs) against myosin IIA and/or myosin IIB using Lipofectamine RNAiMAX (Invitrogen) and cultured for 3 days before analysis. The siRNA sequences were as follows: myosin IIA no. In utero electroporation In utero electroporation was performed at E15.5 or E17.5, as described previously. 24 In brief, pregnant rats were deeply anaesthetized, and 1-2 ml of plasmid solution including 0.25 mg ml À1 fast green (SigmaAldrich, St Louis, MO, USA) was administered into the intraventricular region of the embryonic brain, followed by electroporation. Electric pulses were generated by an Electro Square Porater ECM 830 (BTX, Holliston, MA, USA) and applied to the cerebral wall as five repeats of 50 V for 50 ms, with an interval of 500 ms. All the expression plasmids were used at a concentration of 2 mg ml À1 .
NPC cultures and drug treatment
For monolayer cultures, NPCs were isolated from the cerebral cortex of E15.5 rat embryos. The cells were incubated with 0.025% trypsin (Sigma-Aldrich) in Ca 2 þ /Mg 2 þ -free Hank's Balanced salt solution (HBSS, Sigma-Aldrich) at 37 1C for 5 min. The trypsin was washed out, and the tissues were triturated in growth medium [1:1 Dulbecco's modified Eagle's medium and nutrient Mixture F-12 (DMEM/F12, Gibco, Carlsbad, CA, USA) containing supplements (5 mg ml À1 insulin, 100 mm putrescine and 30 nm selenium dioxide)] and 20 ng ml À1 recombinant human fibroblast growth factor basic (bFGF, R&D systems, Minneapolis, MN, USA). The dissociated cells were plated on culture dishes coated with 1.5 mg ml À1 poly-l-ornithine (Sigma-Aldrich) and 1 mg ml À1 fibronectin (Asahi Glass, Tokyo, Japan) at 6 Â 10 4 cells per cm 2 . The growth medium was changed every day. The cells were passaged at 70-80% confluency, and replated at the appropriate cell density onto 12-mm coverslips (Matsunami, Osaka, Japan) or dishes freshly coated with poly-l-ornithine and fibronectin, as described above. The cells were cultured with or without bFGF and used within two passages. To observe the effects of drug treatment, cells were treated with indicated amounts of corticosterone (CORT) for 48 h or 10 mM blebbistatin for 24 h. DMSO (dimethyl sulfoxide) was used as the control reagent.
Immunocytochemistry
NPCs cultured on coverslips were fixed with 4% paraformaldehyde and 15% saturated picric acid in PBS for 15 min at room temperature, and then permeabilized with blocking solution (0.1% Triton X-100, 2% bovine serum albumin (BSA) and 10% normal goat serum in PBS) for 30 min at 37 1C. The fixed cells were incubated with the primary antibodies in the Can Get Signal Immunostain Immunoreaction Enhancer Solution (Toyobo, Osaka, Japan) for 2 h at 37 1C, followed by the appropriate Alexa 488-or 568-conjugated secondary antibodies in the blocking solution for 1 h at 37 1C. To visualize actin filaments, Alexa 568-conjugated phalloidin (Invitrogen) was added with the secondary antibody solution. The stained cells were mounted in GEL/MOUNT mounting medium (Biomeda, Foster City, CA, USA) and observed under a microscope equipped with a chargecoupled device camera (BZ-9000, Keyence, Osaka, Japan) and using an oil-immersion Â 60 (NA 1.4) and a Â 10 (NA 0.45) objective, at room temperature. Fluorescent images were contrast-enhanced using Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
BrdU labeling BrdU (50 mg kg
À1
, Sigma-Aldrich) was intraperitoneally administered by a single injection into pregnant rats on E15.5 or E17.5. 25 The brains were then dissected on the indicated embryonic days (E17.5, E18.5, E19.5, E21.5) or postnatal day (P3 and P7), and stored overnight in 4% paraformaldehyde. The brains were then embedded in paraffin and cut into coronal sections (3-5 mm thick) on a microtome (Yamato Kohki Industrial, Saitama, Japan). The sections were deparaffinized using standard xylene and alcohol procedures and denatured in 4 N HCl (Wako, Tokyo, Japan) at room temperature for 30 min. The sections were digested with 0.1% pepsin (Wako) for 20 min, washed with water, and then rinsed with TBS buffer. The sections were blocked in 1% BSA at 37 1C for 30 min, incubated overnight with anti-BrdU antibodies (1:250) at 4 1C and labeled with streptavidinbiotin and by the enhanced tyramide signal amplification technique. 26, 27 The frontal cortex was observed under a microscope equipped with a charge-coupled device camera (BZ-9000) and Â 10 objective.
Immunohistochemistry
Tissue samples stained with anti-CaD antibody were fixed with modified Bouin's fluid (15% saturated picric acid and 5% formaldehyde in PBS) at 4 1C for 6 hours. Other samples were fixed with 4% paraformaldehyde in PBS at 4 1C overnight. After fixation, the brains were cryoprotected in 25% sucrose in PBS and embedded in OCT compound (Sakura Finetek, Torrance, CA, USA). Blocks were cut into coronal sections (30-mm thick) on a Cryomicrotome (Leica, Wetzlar, Germany). The sections were blocked in 2% skim milk in PBS containing 0.5% Tween 20 for 1 h at room temperature, then incubated with anti-GFP The fluorescent images were observed under a microscope (BZ-9000) using a Â 10 (NA 0.45) objective. Confocal images were captured using an LSM 5 PASCAL laser-scanning microscope (Carl Zeiss, Oberkochen, Germany) with Â 10 (NA 0.3) and Â 63 (NA 1.4) objectives. In Figure 5e , the full-focused images were generated by Keyence application. The other images shown represent single optical sections. Fluorescent images were contrast-enhanced using Adobe Photoshop.
Time-lapse imaging
For time-lapse imaging, NPCs were passaged and plated onto a 35-mm culture dish or 12-mm coverslip. The culture dish was transferred to a heated stage and observed under an Axiovert 200 M microscope (Carl Zeiss). The images were captured for an hour at intervals of 2 or 3 min. To trace the cells' migration, the frames showing migrating cells were captured manually, and the paths were analyzed using DIAS software (Soll Technologies, Iowa City, IA, USA).
Western blot analysis
The cell and whole cortex lysates were separated by SDS-PAGE, and then transferred onto a nitrocellulose membrane. The membrane was incubated with primary antibody diluted in 5-10% non-fat dry milk in TBS containing 0.1% Tween 20 (TBS-T), followed by incubation with the appropriate HRP-conjugated secondary antibody. Image J (NIH) software was used to quantify the band intensity, and the value was normalized to the expression level of a-tubulin or GAPDH in each sample.
Microarray
The total RNAs were isolated using TRIzol reagent (Invitrogen), and the quality was determined using an RNA 6000 nano chip in a Bioanalyzer (Agilent, Santa Clara, CA, USA). The cDNAs were synthesized with the GeneChip T7-Oligo (dT) Promoter Primer Kit (Affymetrix, Santa Clara, CA, USA) and TaKaRa cDNA Synthesis Kit (Takara Bio, Shiga, Japan) from 3 mg total RNA. Biotinylated cRNAs were synthesized with the IVT Labeling Kit (Affymetrix). Following fragmentation, 10 mg of the cRNAs were hybridized for 16 h at 45 1C to the GeneChip Rat Genome 230 2.0 Array. The GeneChip slides contain 31 000 probe sets, which represent 28 000 substantiated rat genes. The GeneChips were washed and stained in the Affymetrix Fluidics Station 450, then scanned using a GeneChip Scanner 3000 7G. A Single Array Analysis was performed by Microarray Suite version 5.0 (MAS5.0) with the Affymetrix default setting, and global scaling was used as the normalization method. The trimmed mean target intensity of each array was arbitrarily set to 500. After normalization, t-tests from three independent experiments were carried out to Effect of glucocorticoids on neuronal migration K Fukumoto et al identify genes with more than a 2.0-fold increase or 50% decrease in expression with P < 0.05. The identified genes are summarized in Supplementary  Table 1 .
Quantitative real-time PCR (real-time qPCR) and RT-PCR The total RNAs were extracted from NPCs using TRIzol reagent and reverse-transcribed with MultiScribe Reverse Transcriptase (Applied Biosystems, Carlsbad, CA, USA). The cDNAs were amplified with gene-specific primer pairs using SYBR GreenER qPCR SuperMix Universal reagent (Invitrogen) in the realtime qPCR, and using PrimeStar DNA polymerase (Takara Bio) in the RT-PCR. The quantities measured by real-time qPCR and RT-PCR were normalized to the expression level of GAPDH in each sample. The primer sequences used in the real-time qPCR are listed in Supplementary Table 3 .
Data analysis
Data are presented as the mean±s.d. Statistical analyses were performed using Student's t-test, and differences were considered statistically significant at P < 0.05.
GenBank accession numbers
The microarray data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE 11478.
Results
Dexamethasone-induced retardation of radial migration during development of the cerebral cortex To investigate the effects of excess GC on brain development, we monitored neuronal migration of post-mitotic immature neurons in both the medial and lateral sides of the cortices by labeling NPCs with a mitotic marker, BrdU (Figure 1 and Supplementary  Figure 1) . BrdU was administered to pregnant rats on gestational day 15.5 or 17.5 (corresponding to embryonic day (E) 15.5 or 17.5 of embryos). We used a synthetic compound, DEX, for the in vivo experiments, because it has a high affinity for the GR and is resistant to degradation by placental 11-b-hydroxysteroid dehydrogenase type 2 (11bHSD2). 28 As the GR mRNA is reported to be highly expressed throughout the brain from midgestation, 29 DEX (200 mg kg À1 ) 30 was injected into pregnant rats daily during the last week of gestation (from E14.5 to E20.5). In this period, cell proliferation of NPCs occurs in the VZ, and postmitotic immature neurons actively migrate to the CP. 17 When BrdU was administered on E15.5, the medial side of the cortex was observed on days E16.5 to E21.5. Overall, examination of the control (vehicleinjected) cortices showed that the BrdU-labeled cells migrated radially from the VZ to the CP during development (Figures 1a and b) . Specifically, by E17.5, 46.5±13.2% of the BrdU-positive cells (n = 7) had accumulated in the CP of the control animals, and this accumulation continued at later time points. In contrast, DEX treatment temporarily induced the retardation of radial migration on E17.5 (22.6±7.7% of the BrdU-positive cells in the CP, n = 6).
When BrdU was administered on E17.5, DEX treatment induced a marked retardation of the radial migration from E21.5 to postnatal day (P) 3 ( Figures  1c and d) . This prolonged DEX-induced retardation might have been due to the growth of the cortical mantle during development. We further analyzed the lateral side of the cortex. The DEX-induced retardation of radial migration was also seen (Supplementary Figure 1) . Together, these results indicate that DEX treatment temporarily retards radial migration at the boundary between the intermediate zone (IZ)/subventricular zone (SVZ) and the CP throughout prenatal and postnatal development of the cerebral cortex along the medio-lateral axis, rather than just during a limited window of development.
Identification of CaD as a main cytoskeletal protein among GC-responsive targets
To understand the mechanism of GC-induced retardation of radial migration, we examined the effect of GC on cultured NPCs. Almost all of the NPCs ( > 99%) were nestin-positive. As confirmed by the expression of neural markers, doublecortin and bIII-tubulin, about 60-70% of NPCs were able to differentiate into post-mitotic neurons during culture (data not shown). In the following cell culture experiments, we used CORT as a rodent GC. As detected by immunocytochemistry, 92.0 ± 3.1% of NPCs (n = 3) were GRpositive with varying degrees of staining intensity (Supplementary Figure 2) . About 80% (78.5±3.6%, n = 6) of the control (DMSO-treated) cells had a bipolar shape and migrated linearly (Figures 2a-c and Supplementary Movie 1). It is important to note that more than half of the CORT-treated cells (55.6 ± 1.7%, n = 6) showed phenotypic changes in the bipolar-to-multipolar transition and a random migratory path. In particular, the tips of the multipolar processes appeared to have dynamic neurite growth endings (webfoot-like structures) (Figures 2a-c and Supplementary Movie 1) .
To identify the genes that induced these phenotypic changes, we screened for GC-responsive genes by microarray analysis, real-time qPCR and western blot. In the microarray analysis, genes were considered GCresponsive if their expression levels were at least 2-fold higher or 50% lower than in the absence of GC. Using these criteria, a genome-wide analysis revealed large changes in the gene expression profile of the CORT-treated cells, with 195 genes upregulated and 16 downregulated (Supplementary Table 1) .
Among the GC-responsive genes, we selected those encoding cytoskeletal proteins and confirmed their expression levels by real-time qPCR. We found the upregulation of seven genes; they encoded myosin 1e, CaD, ezrin (villin 2), gelsolin, plastin 3, doublecortin-like kinase 1 and adducin g (Supplementary Table 2 ). There are two different molecular weight (Mr) isoforms of CaD: high Mr (h-CaD) and low Mr CaD (l-CaD), 31 which are generated from a single gene by alternative splicing. 32 As NPCs and neurons only express l-CaD, we refer to l-CaD as CaD in this study. Western blot showed that the CaD (2.8±0.6 fold, n = 3) and ezrin (1.9 ± 0.5 fold, n = 3) proteins were significantly upregulated by CORT treatment, whereas the changes in the protein levels of doublecortin-like kinase 1, gelsolin and adducin g were less significant (Figure 2d ). Neither the plastin 3 nor myosin 1e proteins were detected by western analysis (data not shown). Although the CaD and ezrin proteins were upregulated by CORT treatment, ezrin did not directly participate in neuronal migration in vivo, as shown later (Supplementary Figure 5) . We therefore focused on CaD in the following experiments.
CORT treatment upregulated the CaD protein in a dose-dependent manner (Figure 2e) . A half-maximal increase in CaD expression was achieved with about 200 nM CORT, which corresponds to the circulating levels of rodent CORT under severely stressful conditions. 33 Thus, pathological levels of CORT can upregulate CaD expression.
Immunocytochemistry showed that CaD and F-actin in the control cells were co-localized in the cytosol and the tips of the leading but not trailing processes. In CORT-treated cells, both proteins were localized in the cytosol and concentrated in the neurite growth endings at the tips of the multipolar processes (Figures 2f and g ). The immunostaining intensity of CaD was increased in the cells located in the VZ, IZ and CP of the cortex of DEX-treated animals compared with control animals (Figure 2h) . In both cases, the blood vessels were densely stained with the anti-CaD antibody. Western blot showed that DEX treatment induced a small but significant increase in CaD protein expression in the lysates of the cerebral cortex (Supplementary Figure 4) . As CaD is highly expressed in vascular smooth muscle cells and pericytes, 31 this small increase in CaD protein expression may reflect a limited population of GCresponsive cells in addition to higher background levels of CaD protein by containing numerous blood vessels in the cerebral cortex. Higher magnification images of the IZ showed multipolar cells in both the control and DEX-treated cortices. Like the CORTtreated cells in culture (Figures 2f and g ), multipolar cells in the DEX-treated but not control cortices had the similar neurite growth endings at the tips of their multipolar processes (Figure 2i ). Thus GC treatment induced the same morphological changes in cell culture and in vivo.
GR-dependent transcription of the CALD1 gene As excess GC treatment upregulated the CaD expression at both the mRNA and protein levels (Supplementary Table 2 and Figures 2d and e) , we analyzed the GC-dependent transcription of the CaD-encoding gene, CALD1, using its rat promoter. There are two kinds of promoter regions in the rat CALD1 gene: the fibroblast-and HeLa-types. We recently found the GRmediated transcription of the human CALD1 gene in lung cancer cells. 23 Consistent with this finding, promoter analysis and semi-quantitative RT-PCR in NPCs showed that the fibroblast-type promoter yielded higher activity and more abundant transcripts than the HeLa-type one (Supplementary Figures 3a  and b) . We therefore examined the fibroblast-type promoter as follows. Within the promoter region, a CArG box and two GC-response element (GRE) sequences are highly conserved among mammalian species (Supplementary Figure 3c) . We performed the promoter analysis of the CALD1 gene using a series of its promoter constructs (Supplementary Figure 3d) . A constitutively active form of GR (GRDC), in which the carboxy-terminal domain was deleted, markedly enhanced the promoter activity (4.6±0.6 fold, n = 3) (Supplementary Figure 3e) . Although the CArG box of the CALD1 promoter is critical for SRF-dependent transcription, 34 it was dispensable for the GR-dependent transcription (Supplementary Figure 3e) . Mutation of either GRE1 or GRE2 significantly reduced the GRDC-enhanced promoter activity, and a double mutation (GRE1/GRE2) completely abolished it (Supplementary Figure 3e ). In vitro DNA-binding assays showed that although both the biotinylated GRE1 and GRE2 oligo-DNAs bound to GR, GRE1 had a higher affinity for GR than GRE2 (Supplementary Figure 3f) . These data indicate that GR transactivates the CALD1 gene by binding directly to the GRE sequences within the rat CALD1 promoter.
Mechanism of the GC-induced changes in cell shape and migration
To examine the mechanism of the CaD-induced changes in cell shape and migration, GFP-fused CaD (GFP-CaD) was overexpressed in cultured NPCs. Similar to the CORT-treated cells, the GFP-CaDexpressing cells exhibited the bipolar-to-multipolar transition with dynamic neurite growth endings at the tips of their multipolar processes, and they also migrated randomly (Figures 3a and b and Supplementary Movie 2). It is well documented that the carboxy-terminal domain of CaD, which negatively regulates interactions between actin and myosin, has actin-, tropomyosin-and calmodulin-binding sites. 31 Overexpression of the GFP-fused carboxy-terminal (GFP-C-CaD), but not amino-terminal (GFP-N-CaD), region of CaD induced the same phenotypic changes as CORT treatment and GFP-CaD overexpression (Figures 3a and b) . Treatment with blebbistatin, a selective inhibitor of myosin II ATPase, also induced the bipolar-to-multipolar transition accompanied by formation of the dynamic neurite growth endings (Figures 3c and d and Supplementary Movie 3) . In the control-and CORT-treated cells, myosin IIA was localized in the cytosol in addition to the tips of the leading and multipolar processes, respectively, along with F-actin. Myosin IIB was diffusely localized in the cytosol, not concentrated in the tips of processes, in both types of cells (Figures 3e and f) . To examine the roles of the myosin II isozymes, we designed two specific short-interfering RNAs against myosin IIA or IIB. These siRNAs efficiently reduced the expression of endogenous myosin IIA and IIB, respectively (Figure 3g ). Compared with control siRNA-transfected cells, a population of multipolar cells with dynamic neurite growth endings at their multipolar processes increased in the myosin IIA-or IIB-depleted cells. These changes were further enhanced by their double depletion (Figures 3h and i) . These data suggest that CaD affects the cell shape and migration of NPCs by downregulating myosin IIA and/or IIB functions.
A critical role of CaD in radial migration in vivo
We further examined the involvement of CaD in neuronal migration in vivo. In HEK293T cells, two expression plasmids, respectively encoding CaD miRNAs no. 1 and no. 2 fused with GFP, and effectively suppressed the expression of exogenous CaD protein (Figure 4a ). Using in utero electroporation, these expression plasmids were introduced into NPCs located at the ventral surface of the rat brain at E15.5. Neuronal migration was monitored by the GFPpositive cells. Compared with the control miRNA alone, both CaD miRNAs no. 1 and no. 2 markedly impaired radial migration (Figures 4b and c) . Furthermore, the GFP-positive cells transfected with CaD miRNAs no. 1 and no. 2, which remained in the IZ, showed a suppressed expression of endogenous CaD (Figure 4d ). These results suggest that CaD is critical for radial migration in vivo.
Retardation of radial migration by CaD overexpression in vivo
To investigate the effect of CaD overexpression on neuronal migration in vivo, we also used in utero electroporation to introduce expression plasmids encoding GFP or GFP-CaD into NPCs of the rat brain at E15.5 (Figures 5a and b) or E17.5 (Figures 5c and d) .
When expression plasmids were introduced into the E15.5 brain, the GFP-CaD-expressing cells markedly retarded radial migration at E17.5-18.5. Nearly 60% of these cells were retained in the IZ (58.2 ± 12.1% and 67.1 ± 9.5% of the GFP-CaD-expressing cells in the IZ at E17.5 and E18.5, respectively). When expression plasmids were similarly introduced into the E17.5 brain, the retardation of radial migration was apparent around E21.5-P3. In both cases, the retardation was temporary, later returning to the normal rate (Figures 5a-d) . Although both GFP-and GFP-CaDexpressing cells located in the IZ of the E17.5 and 18.5 cortices showed a multipolar shape, the GFP-CaDexpressing cells alone had the neurite growth endings at the tips of their multipolar processes (Figure 5e ). These data indicate that CaD overexpression precisely mimics the DEX-induced retardation of radial migration as revealed by BrdU labeling (Figure 1 and Supplementary Figure 1) . Although the ezrin protein expression in cultured NPCs was upregulated by CORT treatment (Figure 2d) , overexpression of ezrin-GFP showed no changes in their radial migration in vivo (Supplementary Figure 5) . Taken together, these data indicate that among the GC-responsive cytoskeletal proteins examined, CaD is the prime target involved in GC-induced abnormality of radial migration in vivo.
Discussion
Despite numerous studies showing the detrimental effects of stress-triggered GCs on brain development as described in the Introduction section, its underlying mechanisms remain unclear. In this study, we showed that the exposure to excess GC induced the retardation of radial migration during brain development ( Figure 1 and Supplementary Figure 1) . We screened for GC-responsive genes encoding cytoskeletal proteins, and identified the CALD1 gene as a main target of GCs (Figure 2d , Supplementary  Tables 1 and 2 ). Indeed, GC upregulated the CaD expression in the developing cerebral cortex in vivo (Figures 2h and i and Supplementary Figure 4) . The upregulation of CaD was mediated by GR-dependent transactivation of the CALD1 genes ( Supplementary  Figures 2d-f) . The overexpression of CaD in cultured NPCs also caused them to adopt GC-induced phenotypic changes in cell shape and migration (Figures 3a  and b) . GC-induced phenotypic changes depended on the CaD-mediated negative regulation of myosin II function (Figures 3c-i) . In utero electroporation experiments revealed that CaD depletion by RNA interference impaired radial migration (Figure 4 ), indicating that CaD is critical for normal radial migration. CaD overexpression in vivo retarded radial migration during corticogenesis ( Figure 5 ), mimicking the GC-induced retardation of radial migration. Taken together, these results suggest that excess GC-induced upregulation of CaD is critically involved in the retardation of radial migration throughout cortical development. Heine and Rowitch recently 35 reported that hedgehog signaling antagonized the harmful effect of GCs, such as proliferation and apoptosis of neural stem/progenitor cells, by induction of 11bHSD2 in the developing mouse cerebellum. In their report, 11bHSD2 antagonized the effects of GCs, such as CORT, hydrocortisone and prednisolone, but not DEX. However, the mechanism of the action of GCs on the hedgehog-signaling pathway was not identified. As demonstrated here, DEX and CORT markedly induced the retardation of radial migration in vivo and the phenotypic changes of cultured NPCs in cell shape and migration. Our present study regarding the detrimental effects of excess GCs on radial migration may, therefore, be different from their report.
CaD is one of the major components of smooth muscle thin filaments, 36 and it negatively regulates interactions between actin and myosin. 31 In nonmuscle cells, CaD also stabilizes actin filaments in addition to regulating actin-myosin interactions, 31 implicating a vital role in cell motility in a wide variety of cells. It has been demonstrated that the transcription of the CALD1 gene in smooth muscle and non-muscle cells is SRF-dependent. 34, 37 Although GCs were reported to induce changes in the expression of several cytoskeletal proteins, their expressional regulation by GCs remained unclear. [38] [39] [40] Most recently, we found the GR-mediated transcription of the human CALD1 gene in lung carcinoma cells. 23 In this study, using genome-wide analysis, we identified the CALD1 gene as a main target among GC-responsive genes encoding cytoskeletal proteins in NPCs (Supplementary Tables 1 and 2 and Figure 2 ). Similar to the human CALD1 gene in lung carcinoma cells, 23 the GC-induced upregulation of CaD in NPCs could be mediated by the GR-dependent transcription of the rat CALD1 gene (Supplementary Figures 3e and f) . Several studies performed genome-wide analysis for screening stress/GC-responsive genes in the brain. 41, 42 There are, however, no indications about expression changes of the CALD1 gene, because these studies used the tissue samples. As demonstrated in Figure 2 , expression changes of CaD are restricted to the population of GC-responsive cells and the tissue samples contain numerous blood vessels that express the exclusively high levels of CaDs (h-and l-CaD).
31
When the tissue sample is used, GC-induced expression changes of CaD in the whole cerebral cortex are significant but small (Supplementary Figure 4) . Thus, the NPCs used here (more than 90% of GR-positive cells; Supplementary Figure 2 ) are beneficial to identify the ubiquitously expressed genes using genome-wide analysis.
In non-neuronal cells including lung carcinoma cells, the upregulation of CaD via either GR-or SRFdependent transcription enhances the formation of thick stress fibers and focal adhesion. 34, 43 These studies suggest the stabilization of actin filaments by the upregulated CaD, which result in the suppression of cell migration. In contrast, GC-induced upregulation of CaD in NPCs exhibited different phenotypes with the bipolar-to-multipolar transition and random migration (Figures 2a-c) . The similar phenotypic changes were also found in the developing cortex (Figures 2h and i) . These changes were caused by the suppression of myosin II function by the upregulation of CaD in cell culture experiments (Figures 3c-i) . It has been demonstrated in nonneuronal cells that myosin IIA plays an important role in cellular contractility and promoting microtubule dynamics mediated through the Rac/ Tiam1 pathway. 44 However, we were not able to detect the activation of Rac in both the CORT-and blebbistatin-treated NPCs (Supplementary Figure 6) .
Thus the GC-induced upregulation of CaD in NPCs might negatively regulate the function of myosin II in a Rac/Tiam1-independent manner.
Effect of glucocorticoids on neuronal migration K Fukumoto et al
Recent studies have demonstrated that during development of the cerebral cortex, migrating cells become multipolar within the IZ and SVZ, and then display the multipolar-to-bipolar transition just before migrating radially from the IZ/SVZ to the CP. 45, 46 In addition, studies using in utero electroporation and overexpression of a plasmid or RNAi suggest that cytoskeletal proteins such as filamin A, 47 LIS1 48 and doublecortin 49 are, at least in part, involved in the multipolar-to-bipolar transition. Mutation of these genes causes periventricular nodular heterotopia and lisencephaly. 18 Cdk5 phosphorylates a number of cytoskeletal proteins. 50 Cortex-specific Cdk5 conditional knockout mice shows that it is required for proper multipolar-to-bipolar transition. 51 Thus, the loss or gain of the functions of these proteins impairs both radial migration and the multipolar-to-bipolar transition in the developing cortex. As described here, the GC-induced upregulation of CaD and overexpression of GFP-CaD in vivo temporarily retarded the radial migration at the boundary between the IZ/ SVZ and the CP (Figures 1, 2 , 5 and Supplementary  Figure 1) . In this study, DEX-treated and GFP-CaDoverexpressing cortices were followed up until P7. In both the vehicle-and DEX-treated cortices, most migrating cells had similarly reached the CP on P7 (Figure 1 and Supplementary Figure 1) . Compared with the GFP-transfected cortices, only a few GFPCaD-overexpressing cells remained in the lower region of the cortex (P7 in Figures 5c and d) . This may be due to the excessive expression of CaD. The neurite growth endings as detected in cell culture experiments (Figures 2 and 3) were also found in the multipolar cells retained in the IZ of the DEX-treated and GFPCaD-overexpressing cortex in vivo (Figure 5e ). Therefore, our present findings suggest that the CaD-linked negative regulation of myosin II is responsible for a delay in the multipolar-to-bipolar transition in vivo, resulting in the transient retardation of radial migration at the boundary between the IZ/SVZ and the CP.
In experimental animals, excessive stress/GC exposure at the perinatal stage impairs the brain development, and results in abnormal behavior in adult offspring. 1, 8, 9, 11 Excessive GC exposure triggered by stress or medications during pregnancy in humans is also implicated in the etiology of psychiatric disorders. [1] [2] [3] 12, 15 The mechanism underlying these persistent effects of GCs on the brain structure and function is, however, unclear, except for the epigenetic regulation of GR expression. 52 Our present results, in which excessive GC-induced upregulation of CaD temporarily retards the radial migration during development of the cerebral cortex, may be a critical contributor to the abnormality of neural network formation, with life-long consequences. Thus, our findings provide a novel insight into the detrimental effects of GCs on brain development in vivo, particularly as they relate to the risk of psychiatric disorders, and may lead to the establishment of new therapies for stress/GC-induced neurodevelopmental disorders.
